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Edited by Mark StittAbstract Nitrosative stress has become a usual term in the
physiology of nitric oxide in mammalian systems. However, in
plants there is much less information on this type of stress.
Using olive leaves as experimental model, the eﬀect of salinity
on the potential induction of nitrosative stress was studied.
The enzymatic L-arginine-dependent production of nitric oxide
(NOS activity) was measured by ozone chemiluminiscence.
The speciﬁc activity of NOS in olive leaves was 0.280 nmol
NO mg1 protein min1, and was dependent on L-arginine,
NADPH and calcium. Salt stress (200 mM NaCl) caused an in-
crease of the L-arginine-dependent production of nitric oxide
(NO), total S-nitrosothiols (RSNO) and number of proteins
that underwent tyrosine nitration. Confocal laser scanning
microscopy analysis using either speciﬁc ﬂuorescent probes for
NO and RSNO or antibodies to S-nitrosoglutathione and 3-
nitrotyrosine, showed also a general increase of these reactive
nitrogen species (RNS) mainly in the vascular tissue. Taken
together, these ﬁndings show that in olive leaves salinity induces
nitrosative stress, and vascular tissues could play an important
role in the redistribution of NO-derived molecules during nitro-
sative stress.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Parallel to the expression reactive oxygen species (ROS), the
term ‘‘reactive nitrogen species’’ (RNS) was coined to desig-
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n-Tyr, 3-nitrotyrosine; PTIO, 2-phenyl-4,4,5,5-tetramethylimidazoline-
1-oxyl; ROS, reactive oxygen species; RNS, reactive nitrogen species;
RSNO, S-nitrosothiols; TMP, 2,2,6,6-tetramethyl-piperidine
*Corresponding author.
E-mail address: javier.corpas@eez.csic.es (F.J. Corpas).
0014-5793/$32.00  2007 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2007.01.006as peroxynitrite (ONOO), dinitrogen trioxide (N2O3), S-
nitrosoglutathione (GSNO), nitrogen dioxide ðNO2Þ, nitrosyl
cation (NO+), etc. [1,2]. In an analogous manner to the term
oxidative stress, recently in animal systems the expression
nitrosative stress started to be employed to deﬁne the de-regu-
lated synthesis or overproduction of NO and NO-derived
products and its toxic physiological consequences [3].
In plant cells there is increasing evidence that nitric oxide
(NO) has an important function in plant growth and develop-
ment and is also a key signalling molecule in diﬀerent intracel-
lular processes [4–10]. However, although intensive work is
being done on the physiological function of NO under normal
and stress conditions, much less information is available on
other RNS, like S-nitrosoglutathione, peroxynitrite, and
nitrotyrosine.
Salinity by NaCl is one of the major abiotic stresses aﬀecting
plant productivity due to the alterations produced in photo-
synthesis and respiration, and in the metabolism of proteins
and nucleic acids [11]. Recent studies carried out in our labo-
ratory on the eﬀect of salt stress in olive plants showed that
salinity produced in leaves an imbalance between the ROS pro-
duction and antioxidant defences, with the induction of oxida-
tive stress [12]. However, in plants there is very little
information on the involvement of nitrosative stress in the
toxicity produced by adverse abiotic conditions.
In this work, using olive plants evidence is presented showing
that under NaCl stress, NO and other NO-derived products are
overproduced, indicating that in plant cells nitrosative stress
could participate, as a signiﬁcant component, in the mechanism
of damage produced by abiotic toxic conditions.2. Materials and methods
2.1. Plant material and in vitro culture conditions
Olive (Olea europaea L., cv. Manzanillo) seeds were provided by the
Dpto. de Olivicultura y Arboricultura Frutal (CIDA, Co´rdoba, Spain)
and were germinated under in vitro conditions. Seedlings were grown
in the dark at 13 C for 15 d in an embryos medium and then were
transferred to a DKW medium. These cultures were grown in a tem-
perature-controlled chamber at 25 C for another 30 d, with a 16 h
photoperiod under Sylvania Gro-Lux lighting with a photon ﬂux den-
sity of 130–140 lmol m2 s1. For the experiments with NaCl, seed-
lings were transferred to nutrient media with NaCl 200 mM. They
were kept during 21 d at the same growth conditions, and then were
used for the analyses [12].blished by Elsevier B.V. All rights reserved.
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All operations were performed at 0–4 C. Leaves (1 g FW) were
ground to a powder in a mortar with liquid nitrogen, and were sus-
pended in 3 ml of 100 mM Tris–HCl buﬀer, pH 8.0, containing
1 mM EDTA, 1 mM EGTA, 0.1 M NaCl, 7 % (W/V) PVPP, 15 mM
DTT, 10 lg/ll calmodulin, 10 lM BH4, 15 mM PMSF and a commer-
cial cocktail of protease inhibitors (AEBSF, 1,10-phenantroline, pep-
statin A, leupeptine, bestatine and E-64 from Sigma) (1:3; FW/V).
Homogenates were ﬁltered through one layer of miracloth (Calbio-
chem) and centrifuged at 3000 · g for 5 min. Then, the supernatants
were passed through NAP-10 columns (Amersham-Biosciences). For
Western-blots, the columns were equilibrated with 10 mM Na-phos-
phate buﬀer, pH 6.8, and eluted with 10 mM K-phosphate buﬀer,
pH 7.8. The average concentration of proteins in leaf extracts from
control and NaCl-treated olive plants was 0.57 and 0.49 lg ll1,
respectively.2.3. Quantiﬁcation of NO production from L-arginine (NOS activity)
The production of NO from L-arginine was estimated by ozone-
chemiluminescence using a Nitric Oxide Analyser (NOA 280i, Sievers
Instruments, Boulder, CO, USA). To avoid any potential inferences
by endogenous nitrite/nitrate the samples were passed through Sepha-
dex G-25 desalting columns (NP-10 from Amersham) which elimi-
nated low molecular weight substances (Mr < 1000). The columns
were equilibrated and eluted with 40 mM HEPES buﬀer, pH 7.2,
0.2 mM Chaps, 15 mM DTT, 1.25 mM CaCl2, 1 mM b-NADPH,
5 lg/ml calmodulin, 10 lM FAD, 10 lM FMN, 10 lM BH4. After
that the NOS activity was performed in duplicate, for each sample,
in a reaction medium containing 40 mM HEPES buﬀer, pH 7.2,
0.2 mM Chaps, 10 lg/ml calmodulin, 1.25 mM CaCl2, 1 mM
b-NADPH, 10 lM FAD, 10 lM FMN, 10 lM BH4, and 1 mM
L-Arg. The reaction mixture was incubated at 37 C for 30 min.
The NO produced in the enzymatic reaction is quickly oxidized to
its stable end products nitrite and nitrate. At 0 time and 30 min,
200 ll of the reaction medium was deproteinated by the addition of
100 ll of 0.8 N NaOH and 100 ll of 16% ZnSO4, and the mixture
was shaken vigorously for 30 s and centrifuged for 10 min at
16000 · g. Forty microliter aliquots of supernatants were injected
into the purge chamber of the nitric oxide analyzer (NOA) containing
5 ml of 50 mM vanadium trichloride (VCl3) in 1 M HCl at 90 C un-
der an atmosphere of nitrogen (N2). In these conditions, the NO-de-
rived nitrite/nitrate of samples is reduced back to NO which was
mixed with ozone, generated in the NOA, and the light emitted from
the chemiluminiscence reaction between NO and ozone was detected
by a photomultipler tube. The amount of NO generated was com-
puted by referring the magnitude of these signals to that of those gen-
erated by nitrate standards. The production of NO in the 30 min of
reaction was calculated by subtracting the blank value (zero time),
which represented the non-enzymatic NO production, and the activity
was expressed as nmol of NO mg1 protein min1. As negative con-
trols, samples were preheated at 95 C for 10 min. To validate this
method to determine the NOS activity of plant samples, commercial
rat neuronal NOS from Calbiochem (2.9 U) was assayed separately
as positive control. The NOS activity was also determined using a
concentration of 100 lM L-Arg and in the presence of 1 mM amino-
guanidine which is an irreversible inhibitor of both constitutive and
inducible NOS activity in animal cells [13].2.4. Chemiluminescence detection of total S-nitrosothiols (RSNOs)
Total RSNOs were estimated by a chemiluminescence method, as
described by Jourd’Heuil et al. [14] with some modiﬁcations. The
detection of RSNOs is based on the reductive decomposition of nitroso
species by an iodine/triiodide mixture to release NO, which is subse-
quently measured by gas-phase chemiluminescence upon reaction with
ozone. RSNOs are sensitive to mercury-induced decomposition, con-
trary to other nitroso species including nitrosamines (RNNOs) and
nitrosyl hemes. The samples were homogenized in the previous buﬀer
containing 100 lM DTPA (diethylenetetraminepentaacetic acid) (1:5;
FW/V), and centrifuged at 3000 · g for 10 min. Then, the supernatants
were incubated with 10 mM NEM (N-ethylmaleimide) for 15 min at
4 C. From each sample, two aliquots were prepared: (a) treated with
10 mM sulfanilamide for 15 min at 4 C, to eliminate nitrite; and (b)
treated with 10 mM sulfanilamide and 7.3 mM HgCl2 for 15 min at
4 C to eliminate nitrite and S-nitrosothiols, respectively. Then, thesesamples were analyzed in a Nitric Oxide Analyser (NOA 280i, Sievers
Instruments, Boulder, CO, USA). The data obtained from the diﬀer-
ence between (a) and (b) represented the total RSNOs concentration.
The whole procedure was done under red safety light to protect
RSNOs from light-dependent decomposition.
2.5. Electrophoretic methods and immunoblot analyses
Polypeptides were separated by 10% SDS–PAGE, and proteins were
transferred to polyvinylidene ﬂuoride (PVDF) membranes (Immobilon
P, Millipore Corp., Bedford, MA) using a Semi-Dry Transfer System
(Bio-Rad), as described by Corpas et al. [15]. For immunodetection
of nitrotyrosine, a rabbit polyclonal antibody against 3-nitrotyrosine
(n-Tyr) [16] diluted 1:3000 was used with an enhanced chemilumines-
cence kit (ECL-PLUS, Amersham Pharmacia Biotech), and immuno-
reactive bands were detected with a photographic ﬁlm (Hyperﬁlm;
Amersham Pharmacia Biotech).
Protein concentration was determined with the Bio-Rad Protein
Assay (Hercules, CA), using bovine serum albumin as standard.2.6. Detection of NO, O2 and RSNOs by confocal laser scanning
microscopy (CLSM)
NO was detected in olive leaf transversal sections of approximately
25 mm2 that were incubated for 1 h at 25 C, in darkness, with 10 lM
4,5-diaminoﬂorescein diacetate (DAF-2 DA, Calbiochem) prepared in
10 mM Tris–HCl (pH 7.4), according to Corpas et al. [17]. For super-
oxide radicals, the samples were incubated at 37 C for 30 min with
10 lM dihydroethidium (DHE, Fluka), as described by Rodrı´guez-
Serrano et al. [18]. After incubation, samples were washed twice in
the same buﬀer for 15 min each. Then, leaf sections were embedded
in a mixture of 15% acrylamide–bisacrylamide stock solution as de-
scribed elsewhere [13], and 80–100 mm-thick sections, as indicated by
the vibratome scale, were cut under 10 mM phosphate-buﬀered saline
(PBS). Sections were then soaked in glycerol:PBS (containing azide)
(1:1 v/v) and mounted in the same medium for examination with a con-
focal laser scanning microscope system (Leica TCS SL), using standard
ﬁlters and collection modalities for DAF-2 green ﬂuorescence (excita-
tion 495 nm; emission 515 nm), DHE green ﬂuorescence (excitation
488 nm; emission 520) and chlorophyll autoﬂuorescence (chlorophyll
a and b, excitation 429 and 450 nm, respectively; emission 650 and
670 nm, respectively) as orange. Background staining, routinely negli-
gible, was controlled with leaf sections unstained or preincubated with
the superoxide radical scavenger 2,2,6,6-tetramethyl-piperidine (TMP;
1 mM) for 1 h.
RSNOs were detected using the ﬂuorescent reagent Alexa ﬂuor 488
Hg-link phenylmercury. Olive leaf segments of approximately 25 mm2
were incubated at 25 C for 2 h, in darkness, with 10 mM N-ethyl-
maleimide (NEM) prepared in ethanol, and then were washed three
times in 10 mM Tris–HCl buﬀer, pH 7.4, for 15 min each. The sections
were incubated with 10 mM b-mercaptoethanol for 30 min and washed
three times with the same buﬀer for 15 min each. Then, they were incu-
bated with 10 lM Alexa ﬂuor 488 Hg-link phenylmercury (Molecular
Probes, cat. no H30462) for 1 h at 25 C, in darkness. After washing
three times in the previous buﬀer, leaf sections were embedded in a
mixture of 15% acrylamide–bisacrylamide stock solution and were pro-
cessed as described above. The sections were analyzed with a confocal
laser scanning microscope system using standard ﬁlters for Alexa ﬂuor
488 green ﬂuorescence (excitation 495 nm; emission 519 nm). Three
background staining controls were used: (i) sections incubated with
NEM plus b-mercaptoethanol and without Alexa ﬂuor 488 Hg-link
phenylmercury; (ii) b-mercaptoethanol plus Alexa ﬂuor 488 and with-
out NEM; and (iii) only with b-mercaptoethanol.2.7. Immunolocalization of nitrotyrosine and GSNO by CLSM
Olive leaves were cut into 4–5 mm pieces and ﬁxed in 4% (w/v) p-
formaldehyde in 0.1 M phosphate buﬀer (PB), pH 7.4, for 3 h at
room temperature. Then they were cryoprotected by immersion in
30% (w/v) sucrose in PB overnight at 4 C. Serial sections, 60-lm
thick, were obtained by means of a cryostat (2800 Frigocut E, Reic-
hert-Jung, Vienna, Austria). The sections were incubated with a rab-
bit polyclonal antibody against 3-nitrotyrosine [16] diluted 1:300 in
TBSA-BSAT, for 3 days at 4 C. After several washes, sections were
incubated with Cy3-labeled anti-rabbit IgG (Amersham) diluted
1:1000 in TBS-BSAT, for 1 h at room temperature, and then mounted
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mary antiserum by preimmune serum. For the immunolocalization of
GSNO a commercial rat antibody against S-nitrosoglutathione (Cal-
biochem, Cat. no. 487932) diluted 1:2500 was used [19]. Leaf sections
were examined with a confocal laser scanning microscope (Leica TCS
SL) using standard ﬁlters for Cy2-streptavidin (excitation 492 nm;
emission, 510 nm) and Cy3-labeled anti-rabbit IgG (excitation





























Fig. 2. Analysis of NOS activity and RSNOs by ozone chemiluminis-
cence in olive leaves. Olive plants were grown without NaCl (control)
and with 200 mM NaCl. (A) NO production dependent on L-arginine
(NOS activity). (B) Total RSNOs. Results are mean of four diﬀerent
experiments ± S.E.M. Diﬀerences from control values were signiﬁcant





3.1. Biochemical parameters of nitrosative stress in olive plants
under salinity
The characterization of the enzymatic production of NO
from L-arginine (NOS activity) in olive leaf extracts, measured
by ozone chemiluminescence, is shown in Fig. 1. The NO pro-
duction was strictly dependent on the L-Arg concentration,
NADPH and calcium. The NOS activity was strongly reduced
(90%) in the absence of the cofactors (FAD, FMN and BH4).
Moreover, when the samples were preincubated with the ani-
mal NOS inhibitor aminoguanidine (AG) no activity was
detected, and when the samples were denatured by heating
at 95 C for 10 min, the NOS activity was reduced 97%.
In a previous study, it was demonstrated that the growth of
olive plants with 200 mM NaCl produced a severe reduction in
the values of diﬀerent physiological parameters, including
plant growth, photosynthetic rate and chlorophyll content
[12]. Using this experimental model, the analysis of the L-argi-
nine-dependent production of NO (NOS activity) showed that
salinity produced an increase of 3.6-fold of this activity
(Fig. 2A). On the other hand, the level of RSNOs, determined
by a chemiluminiscence method, was increased 2-fold by salt
stress (Fig. 2B). These data are in agreement with the RSNO
detection obtained by CLSM (Fig. 5).
The tyrosine nitration of proteins is considered as an indica-
tor of the peroxynitrite action [20], and the immunoblot anal-
ysis of the proteins that could be aﬀected by this process
(Fig. 3) showed that NaCl stress caused an increase in the
intensity and number of nitrosylated proteins in the molecular





















































Fig. 1. Characterization of L-arginine-dependent nitric oxide synthase
(NOS) activity in olive leaf extracts by ozone chemiluminiscence.
Reaction mixtures containing olive leaf extracts were incubated in the
absence and presence of L-Arg (1 mM or 0.1 mM), NADPH (1 mM),
EGTA (0.5 mM), cofactors (10 lM FAD, 10 lM FMN and 10 lM
BH4), and 1 mM AG (an animal NOS inhibitor). Other reaction
mixtures were preincubated at 95 C for 10 min. Results are means of
samples from at least three diﬀerent experiments.
0          200 
-44
NaCl (mM)
Fig. 3. Protein tyrosine nitration in leaves from olive plants. In leaf
extracts from control and NaCl-treated olive plants, 3-nitrotyrosine (n-
Tyr) was analyzed by Western blot (30 lg protein per lane) with an
antibody against 3-nitrotyrosine (dilution 1/3000).3.2. Cellular analysis of RNS production induced by salinity
RNS are an important indicator of the presence of NO. The
level and cellular localization of nitric oxide (NO), 3-nitrotyro-
sine (nTyr), GSNO and RSNOs were analyzed in olive leaf sec-
tions using either speciﬁc antibodies or ﬂuorescent probes
(Figs. 4 and 5). In control plants, the localization of endoge-
nous NO by CLSM with DAF-2 DA showed an intense green
ﬂuorescence in vascular tissues (xylem and phloem) and a
smaller intensity in the upper and lower epidermal cells
(Fig. 4A). Under salt stress the green ﬂuorescence was homog-
















Fig. 4. Representative images illustrating the confocal laser scanning microscopy detection of reactive nitrogen species in olive leaves. Detection of
nitric oxide (A and B), nitrotyrosine (n-Tyr; C and D) and S-nitrosoglutathione (GSNO; E and F) in olive leaf sections from control (A, C and E) and
NaCl-treated plants (B, D and F). NO was detected with 4,5-diaminoﬂuorescein diacetate (DAF-2 DA). Protein 3-nitrotyrosine (n-Tyr) and GSNO
were detected using speciﬁc antibodies with a dilution of 1:300 and 1:2500, respectively, as described in Section 2. As controls of immunolocalization,
primary antibodies to either GSNO and n-Tyr were substituted by pre-immune serum (G) and primary antibodies were omitted (H). The bright green
ﬂuorescence corresponded to the detection of NO, n-Tyr and GNSO in the corresponding panels. The orange-yellow color corresponds to the
autoﬂuorescence. Each picture was prepared from 30 to 40 cross-sections of olive leaves which were analyzed by CLSM.






Fig. 5. Representative images illustrating the confocal laser scanning microscopy localization of RSNOs in olive leaves. The detection was carried
out using the ﬂuorescent Alexa ﬂuor (AL) 488 Hg-link reagents. (A) Leaf section from control plants, (B) leaf section from NaCl-treated plants, (C)
leaf section of control plants incubated without 10 mM N-ethyl-maleimide (NEM) and without Alexa Fluor, (D) leaf section of control plants
incubated only with NEM. The bright green ﬂuorescence corresponded to RSNOs. The orange-yellow color is due to the chlorophyll
autoﬂuorescence. Each picture was prepared from 30 to 40 cross-sections of olive leaves which were analyzed by CLSM.
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antibody against nitrotyrosine which recognizes the nitrosyl-
ated proteins, as it was shown in Fig. 3. In control leaves, a
green ﬂuorescence was observed in vascular tissues, epidermis
and spongy mesophyll cells (Fig. 4C). Under salinity, this dis-
tribution was very similar but with a signiﬁcant intensiﬁcation
of the green ﬂuorescence (Fig. 4D). GSNO is thought to func-
tion as a natural and mobile reservoir of NO bioactivity
[19,21,22]. In control leaves using a speciﬁc antibody against
GSNO, the green ﬂuorescence was localized in vascular tissues
and spongy meshophyll cells (Fig. 4E). In leaves from NaCl-
treated plants the distribution of the green ﬂuorescence, attrib-
utable to GSNO, was similar to that in control leaves but its
intensity was diminished in vascular tissues and was stronger
in spongy mesophyll cells (Fig. 4F). In all cases, the orange-
yellow color corresponds to the autoﬂorescence present in all
cells. Two controls for background staining were used, where
primary antibodies to GSNO and n-Tyr were substituted by
pre-immune serum (Fig 4G and H). Under these conditions,
no immunoﬂuorescence background was observed.
RSNOs were detected using a new commercial ﬂuorescent
probe, Alexa Fluor 488 Hg-link (AF) that can react with nitro-
sylated thiols (RSNOs) via the Saville reaction. In control
leaves, the green ﬂuorescence attributable to RSNOs was pres-
ent mainly in phloem (Fig. 5A). In leaves from NaCl-treated
plants, the distribution of RSNOs was diminished in vascular
tissue but was stronger in spongy mesophyll and epidermalcells (Fig. 5B). These results were parallel to those obtained
in the immunolocalization of GSNO (Fig. 4E and F). When
N-ethyl maleimide (NEM) and Alexa Fluor 488 Hg-link were
omitted in the incubation mixture, the green ﬂuorescence was
almost undetectable (Fig. 5C), and similar results were ob-
tained when AF was added and NEM omitted (Fig. 5D). In
all cases, the red color corresponds to the autoﬂuorescence dis-
tributed in almost all leaf cells.
3.3. Cellular analysis of superoxide radical production induced
by salinity
The reaction of NO with the superoxide radical (O2 ) gener-
ates peroxynitrite which has been shown to mediate the tyro-
sine nitration of proteins. To get deeper insights into this
process, the cellular production of O2 was analyzed by CLSM
using the ﬂuorescent probe DHE, which is speciﬁc for these
radicals [23]. In control leaves, the green ﬂuorescence corre-
sponding to O2 was present in vascular tissues and epidermic
cells (Fig. 6A), a similar localization to that of NO (Fig. 4A).
However, in leaves from NaCl-treated plants, the green ﬂuo-
rescence was intensiﬁed, with a homogenous distribution in
all cell types (vascular tissue, epidermic cells, and spongy and
palisade mesophyll) (Fig. 6B). When leaf samples from
NaCl-treated plants were preincubated with 1 mM TMP (a
superoxide radical scavenger), the green ﬂuorescence was con-
siderably reduced (Fig. 6C), indicating the speciﬁcity of the















C+ 1 mM TMP
80 µm
Fig. 6. Representative images illustrating the confocal laser scanning microscopy detection of superoxide radicals in olive leaves. Superoxide radicals
(O2 ) were detected in olive leaf sections with dihydroethidium (DHE) by the bright green ﬂuorescence produced. (A) leaf section from control plants.
(B) leaf section from NaCl-treated plants. (C) leaf section from NaCl-treated plants preincubated with the superoxide radical scavenger TMP (1 mM)
(negative control). (D) bright-ﬁeld image of an olive leaf section from control plants without any treatment, showing its diﬀerent tissues. The orange-
yellow color corresponds to the chlorophyll autoﬂuorescence. Each picture was prepared from 30 to 40 leaf cross-sections which were analyzed by
CLSM. E, epidermis; P, phloem; Pm, palisade mesophyll; Sm, spongy mesophyll; X, xylem. Scale bar represents 80 lm (A–C) and 70 lm (D).
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ferent tissues is presented in Fig. 6D. In all cases, the orange-
yellow color corresponds to the autoﬂuorescence distributed
in almost all leaf cells.4. Discussion
In animal cells, nitric oxide and other RNS, such as per-
oxynitrite and GSNO, have attracted the attention of many
researchers due to the physiological repercussions of their
metabolism and because these species can also cause extensive
cellular damage if are overproduced without control [20,24].
However, in plants there is very little information on these
NO-related molecules. In this work, the modulation of reactive
nitrogen species (NO, GSNO and total RSNOs) was studied in
olive plants under salinity and 3-nitrotyrosine was used as a
marker of nitrosative stress with the purpose of establishing
a correlation between abiotic and nitrosative stress.
In plants there are very few reports on the speciﬁc activity of
L-arginine-dependent nitric oxide synthases [10] perhaps due to
the diﬃculties in measuring this activity. In our work, the NOSactivity in olive leaves was measured by an ozone chemilumi-
niscence method, set up for plant tissues, which has been dem-
onstrated to be very sensitive [10]. In olive leaves the NOS
activity determined was 0.280 nmol NO mg1 protein min1.
This activity was inhibited by aminoguanidine a well-known
inhibitor of inducible and constitutive NOSs in animal cells
[13], it was dependent on L-arginine and required NADPH,
calcium and diﬀerent cofactors (FAD, FMN and BH4). How-
ever, it must be mentioned that to our knowledge there are no
reports on the presence of BH4 in plants. This cofactor pro-
motes and/or stabilizes the active dimeric form of the three
mammal NOS isoforms [25]. In plants, this function perhaps
could be carried out by tetrahydrofolate (FH4) whose biosyn-
thesis and distribution is well known in higher plants [26].
However, further research is necessary to demonstrate this
function of FH4 as a NOS cofactor in plants. On the other
hand, the activity of the commercial rat neuronal NOS, used
as positive control in this work, was 200 nmol NO mg1
protein min1. The NOS activity of olive leaves (ca.
0.300 nmol NO mg1 protein min1) was similar to that previ-
ously reported in pea leaf extracts (0.120 nmol NO mg1
protein min1) [10] and sunﬂower hypocotyl extracts
R. Valderrama et al. / FEBS Letters 581 (2007) 453–461 459(0.294 nmol NO mg1 protein min1) (Chaki et al., unpub-
lished results) and Lupinus albus nodules (0.296 nmol citrul-
line mg1 protein min1) [27]. These speciﬁc activity values
are 50–100 times higher than those previously reported for
the NOS activity in Mucuna hassjoo [28], TMV-infected
tobacco leaves [29], and roots and leaves of Zea mays [30].
In plants, apart from the NOS-like activity, other docu-
mented sources of NO are two nitrate reductases [31], diﬀerent
plant organelles like peroxisomes [17], mitochondria [31] and
chloroplasts [32], and also non-enzymatic systems [6,33]. The
AtNOS1 protein which until very recently was considered as
the characteristic plant NOS [34] has just been demonstrated
that does not produce NO and, therefore, is not a real L-argi-
nine-dependent NOS enzyme [35,36]. The NOS activity values
reported in this work cannot be easily compared with the val-
ues of NO emitted by certain plants [37,38], because the NOS
activity determined must be just a part of the whole endoge-
nous production of NO.
A pharmacological study has shown that NO can function
as a signal of salt resistance in calluses from reed plants [39].
In olive leaves, the accumulation of NO evaluated by NOS
activity (Fig. 2A) and CLSM with DAF-2 DA (Fig. 4B) was
increased by salt stress. A similar pattern was observed for
the accumulation of superoxide radicals under salt stress con-
ditions (Fig. 6B). It is well established that superoxide radicals
(O2 ) and NO can react to form peroxynitrite [20], a very pow-
erful oxidant which can react directly with cysteine, methio-
nine and tryptophan residues [40]. With the discovery that
peroxynitrite is generated in vivo and the demonstration that
in animal cells peroxynitrite can modify a number of biological
molecules, including proteins, lipids, and nucleic acids [40,41],
a considerable attention has been given to the role of peroxy-
nitrite in cellular oxidative damage. One of the changes pro-
duced by peroxynitrite is the nitration of tyrosine residues in
the ortho position, which are used as biomarkers of nitrosative
stress in diseases [24,41].
In plants, to our knowledge, there is no information on the
eﬀect of salinity on the tyrosine nitration of proteins. Using
an antibody against n-Tyr, the results obtained in this work
indicated that in olive leaves salt stress produced an increase
in the number and intensity of proteins of 44–60 kDa that
experimented tyrosine nitration (Fig. 3), and also a general
intensiﬁcation of the tyrosine-nitrated proteins in all cells
(Fig. 4D). This cellular localization is coincident with those
of NO (Fig. 4B) and superoxide radicals (Fig. 6B). In nitrite
reductase antisense tobacco leaves the induction of several
tyrosine-nitrated polypeptides with molecular masses between
10-kDa and 50-kDa was described [42]. Moreover, in tobac-
co BY-2 suspension cells treated with a fungal elicitin, the
induction of tyrosine nitration in proteins with molecular
masses in the range 20–50 kDa was demonstrated [43]. Con-
versely, in tobacco transgenic plants with genetically in-
creased cytokinin levels the content of tyrosine nitrated
proteins decreased [44].
In animals a proteomic study using a monoclonal antibody
against nitrotyrosine allowed the identiﬁcation of over 40 dif-
ferent proteins during inﬂammatory challenge in rat lung and
liver, which were involved in diﬀerent functions such as oxida-
tive stress, apoptosis, ATP production, and fatty acid metabo-
lism [45]. Recently, in Arabidopsis plants treated with gaseous
NO until 52 proteins were identiﬁed in leaves that represented
candidates for another type of post-translational modiﬁcation,S-nitrosylation [46]. These included stress-related, redox-re-
lated, signalling/regulating, cytoskeleton, and metabolic pro-
teins [46]. All these data indicate that NO and NO-derived
molecules have a relevant physiological role in plants under
normal and stress conditions. In this work, we have also ob-
served that salinity causes an induction of S-nitrosothiols
(Figs. 2B and Fig. 5B).
At cellular level, analysis of NO, 3-nitrotyrosine, RSNO and
GSNO revealed that salinity caused a general rise of these
RNS in all cell types of olive leaves (Figs. 4 and 5). In control
plants NO was mainly localized in vascular tissues, which is in
agreement with previous data reported in pea plants [10,17],
but salinity produced a general increase of NO in palisade
and spongy mesophyll cells besides vascular cells. This result
is consistent with the enzymatic production of NO from L-argi-
nine (NOS activity) observed in olive leaf extracts from salt-
stressed plants. These data also agree with results reported in
leaf cells of tobacco plants, where a rapid and signiﬁcant in-
crease of NO, evaluated by ﬂuorescence, was induced by heat,
osmotic and salt stresses [47]. In contrast, natural senescence
and cadmium stress produced in pea plants a decrease of the
NO production in leaves [17,19].
In plant tissues there is very little information on the cellular
localization of GSNO and S-nitrosylated proteins. To our
knowledge, the only evidence available is the recent demon-
stration of the presence of GSNO in collenchyma cells of pea
plants [19]. Thus, the detection of RSNO and GSNO mainly
in spongy mesophyll and vascular tissues of olive leaves, and
the sensitivity of this RNS to salt stress suggest that the redis-
tribution of GSNO-derived NO from vascular tissues can have
an important function in nitrosative stress and probably in sig-
nalling-related processes.
In conclusion, the results presented in this work indicate that
in leaves from olive plants salt stress produces an increase in
the RNS NO, GSNO and RSNO, and as a result of this, there
is a rise in tyrosine-nitrated proteins, which are considered bio-
markers of nitrosative stress. These data indicate that in olive
leaves salinity not only induces oxidative stress, as has been
previously reported [12], interestingly, this oxidative situation
is also accompanied by nitrosative stress. However, this does
not mean that oxidative and nitrosative stress necessarily over-
lap in all abiotic toxic conditions. Cadmium is known to in-
duce oxidative stress in pea plants [48,49] but recently it was
reported that Cd does not cause nitrosative stress in these
plants [19]. The results described in this work apart from pro-
viding new insights into the physiological response of olive
plants to NaCl stress, also evidence that vascular tissues could
play in plants an important function in the redistribution of
RNS (NO and/or RSNOs) during normal and stress condi-
tions. These considerations perhaps could be extended to other
plant species under diﬀerent abiotic stress situations.
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